Vinculin (Vcl) links actin filaments to integrin-and cadherin-based cellular junctions. Zonula occludens-1 (ZO-1, also known as TJP1) binds connexin-43 (Cx43, also known as GJA1), cadherin and actin. Vcl and ZO-1 anchor the actin cytoskeleton to the sarcolemma. Given that loss of Vcl from cardiomyocytes causes maldistribution of Cx43 and predisposes cardiomyocyte-specific Vcl-knockout mice with preserved heart function to arrhythmia and sudden death, we hypothesized that Vcl and ZO-1 interact and that loss of this interaction destabilizes gap junctions. We found that Vcl, Cx43 and ZO-1 colocalized at the intercalated disc. Loss of cardiomyocyte Vcl caused parallel loss of ZO-1 from intercalated dics. Vcl coimmunoprecipitated Cx43 and ZO-1, and directly bound ZO-1 in yeast two-hybrid studies. Excision of the Vcl gene in neonatal mouse cardiomyocytes caused a reduction in the amount of Vcl mRNA transcript and protein expression leading to (1) decreased protein expression of Cx43, ZO-1, talin, and b1D-integrin, (2) reduced PI3K activation, (3) increased activation of Akt, Erk1 and Erk2, and (4) cardiomyocyte necrosis. In summary, this is the first study showing a direct interaction between Vcl and ZO-1 and illustrates how Vcl plays a crucial role in stabilizing gap junctions and myocyte integrity.
INTRODUCTION
With continual cycles of contraction and relaxation, cardiac myocytes are normally under significant mechanical stress. Thus, it is essential that a strong anchorage between cardiac myocytes, the extracellular matrix and other cells be adequately maintained. If anchorage is impaired, membrane instability might result, leading to pathological remodeling and heart failure (Kostin et al., 2000; Tirziu et al., 2010) .
Vinculin (Vcl) is an actin-binding and membrane-associated protein found in both cell-matrix and cell-cell junctions. When bound to ligands, such as acidic phospholipids (Gilmore and Burridge, 1996; Weekes et al., 1996) , talin ) and a-actinin (Bois et al., 2006) , intramolecular bonds are unmasked, thereby initiating Vcl activation (Ziegler et al., 2006) . One of unique features of Vcl is to anchor and to assemble the actin cytoskeleton to the cell membrane through either integrincontaining focal adhesions or cadherin/catenin-containing adherens junctions (Grashoff et al., 2010; Hu et al., 2007 ). Izard's group has determined the crystal structure of full-length human Vcl, and described the assembly of a globular head, hinge region and flexible tail .
Vcl is known to insert into the acidic-phospholipid-containing bilayer (Niggli et al., 1986; Niggli and Gimona, 1993) . Phosphatidylinositides are integral phospholipids positioned at the cytosolic side of eukaryotic cell membranes. They are important for organizing the membrane-cytosol interface, as well as signal transduction (Di Paolo and De Camilli, 2006) . The acidic phospholipid phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P 2, PIP 2 ] directly regulates the actin cytoskeleton by modulating the activity and targeting of actin regulatory proteins (Yin and Janmey, 2003) . Vcl binds PIP 2 , thereby acting as a sensor that can modify how phospholipids regulate the coupling of adhesion sites to the actin cytoskeleton (Chandrasekar et al., 2005; Palmer et al., 2009) . Class I phosphoinositide 3-kinases (PI3Ks) phosphorylate phospholipids including PIP 2 , and act as scaffolding adapters (Costa and Hirsch, 2010) . Hence, PI3Ks can generate phosphatidylinositol (3, 4, 4, 5 )P 3 , PIP 3 ], which plays numerous roles in many cells, including key functions in cardiac myocyte cell survival (Ghigo et al., 2012) . PIP 2 -activated Vcl recruits focal adhesion proteins, such as actin and talin, to integrin-containing cell adhesion sites (Gilmore and Burridge, 1996) . However, how altered Vcl protein expression might affect PI3K activation is currently unclear.
The zonula occludens (ZO) family consists of ZO-1, -2 and -3 proteins (also known as TPJ1, TJP2 and TJP3, respectively). They are present in tight junctions and adherens junctions, as well as gap junctions (Inoko et al., 2003; Jesaitis and Goodenough, 1994) . ZO proteins bind a large number of partners including connexin (Cx) proteins and a-actinin, a-catenin, occludin, claudin, shroom-2, nephrin, F-actin and afadin, highlighting their role as important cytosolic scaffolding proteins (Fanning and Anderson, 2009; Fanning et al., 2002) . In cardiac myocytes, the second PDZ domain of ZO-1 directly interacts with the gap junctional protein Cx43 (also known as GJA1) (Giepmans and Moolenaar, 1998; Toyofuku et al., 1998) . Global deletion of the ZO-1 gene in the mouse results in delayed growth and development from E8.5 onward, with both embryonic and extra-embryonic defects evident, including abnormal angiogenesis. This leads to embryonic lethality by E11.5 (Katsuno et al., 2008) .
Gap junctions allow for rapid conductance of action potentials and therefore electrically couple cardiac myocytes (Delmar and Liang, 2012; Rhett et al., 2011; Saffitz et al., 2000) . They further permit intercellular transport of ions and small biologically active molecules, thereby coordinating physiological processes such as cell differentiation, growth regulation and cell death (Decrock et al., 2009; Kardami et al., 2007) . It has been proposed that ZO-1 controls the rate of Cx43 accretion at gap junction peripheries, thereby regulating gap junction size and distribution (Hunter et al., 2005) . Previous reports have suggested that Cx43 found in the area surrounding a gap junctional plaque, also referred as the perinexus, colocalizes with ZO-1 and regulates the abundance of Cx43 available for incorporation into the gap junctional plaques (Rhett and Gourdie, 2012; Rhett et al., 2011) .
Vcl has been linked to important functions within the cardiac myocyte. It is highly expressed at costameres and intercalated discs and has been shown to be important for the determination of cell shape as well as ordered assembly and alignment of cardiac myofibrils (Shiraishi et al., 1997) . Global deletion of the mouse Vcl gene causes embryonic growth retardation with lethality by E10. Vcl-null embryos have multiple defects including abnormal cardiogenesis (Xu et al., 1998) . We previously studied hemizygous null Vcl mice and showed that normal Vcl expression is essential for cardiac adaptation to pressureoverload (Zemljic-Harpf et al., 2004) . In addition we investigated the role of Vcl in the heart by means of cardiacmyocyte-specific inactivation of the mouse Vcl gene (cVclKO). These cVclKO mice developed two distinct phenotypes; a subset of them displayed ventricular tachycardia and died suddenly within the first 10 weeks of life, despite preserved systolic cardiac function. cVclKO mice that survived past this period, developed dilated cardiomyopathy and died of heart failure by 6 months of age (Zemljic-Harpf et al., 2007) . Importantly, abnormal distribution of gap junctional protein Cx43 was detected within the intercalated discs of both Vcl +/2 and cVclKO mice when the mouse heart function was normal (Zemljic-Harpf et al., 2007; Zemljic-Harpf et al., 2004) . Given these findings in the mouse heart, we hypothesized that Vcl and ZO-1 interact, and that loss of this interaction would destabilize Cx43-containing gap junctions, perturb gap junction function and cause abnormalities in myocyte integrity.
RESULTS

Vcl is necessary for ZO-1 localization to the intercalated disc
In previous studies, we have demonstrated that decreased levels of Vcl in cardiac tissue are linked to alterations in Cx43 levels (Zemljic-Harpf et al., 2007; Zemljic-Harpf et al., 2004) . Hence, we first assessed ZO-1 in normal cardiac tissue. Given its known expression in capillary endothelium, we performed immunofluorescence staining with antibodies for both ZO-1 and the endothelial-cell-specific marker PECAM. ZO-1 had a longitudinal expression pattern in capillary endothelial cells, adjacent to cardiac myocytes (Fig. 1A) . In addition ZO-1 was seen in a transverse pattern corresponding to localization at the cardiac myocyte intercalated disc (Fig. 1A, asterisks) . Given that ZO-1 is a known Cx43 interacting partner, we next assessed whether Vcl and ZO-1 colocalized in cardiac tissue. Immunostaining of transverse sections suggested that there was Vcl and ZO-1 colocalization in normal cardiac tissue (Fig. 1B,  asterisks) .
Next, we assessed whether proper Vcl expression was necessary for ZO-1 positioning in the intercalated disc. Heart tissue from the cardiac-myocyte-specific Vcl-knockout (cVclKO) mice was used and we found that when Vcl was absent from cardiac myocytes, ZO-1 was no longer detected at the intercalated disc (Fig. 1C) . Given that cVclKO mice lacked Vcl only in cardiac muscle cells, Vcl and ZO-1 were still detected in endothelial cells within the capillary bed, and were also visualized in non-myocytes within the heart (Fig. 1C, double  asterisks) .
To further show that Vcl and ZO-1 colocalized at the intercalated disc, we used isolated adult cardiomyocytes. Colocalization was again seen at intercalated discs ( Fig. 2A,  asterisks) . Patchy ZO-1 expression was detected on the lateral sarcolemma owing to the 'step-like' arrangement of the intercalated discs ( Fig. 2A, asterisks) , but no colocalization could be identified at lateral Vcl-containing cell adhesion sites ( Fig. 2A, double asterisk) . Taken together, these findings indicate that ZO-1 is primarily expressed at cardiomyocyte-tocardiomyocyte intercalated disc connections, where it colocalizes with Vcl, and that normal Vcl expression is necessary for proper expression and positioning of ZO-1 at the intercalated disc.
Vcl directly interacts with ZO-1 ZO-1 is known to directly bind to Cx43 in cardiac myocytes (Giepmans and Moolenaar, 1998; Toyofuku et al., 1998) . Given our findings above and our prior data showing that Vcl expression . Vcl and ZO-1 colocalize at intercalated discs in wild-type cardiac myocytes and when Vcl is deleted from cardiac myocytes ZO-1 is also lost. (A,B) Wild-type mouse heart tissue was evaluated by immunomicroscopy using anti-PECAM and anti-ZO1 antibodies (A), or antiVcl and anti-ZO-1 antibodies (B). PECAM staining showed a longitudinal staining pattern consistent with marking endothelial cells between cardiac myocytes. This PECAM expression highlights the substantial endothelial cell ZO-1 expression adjacent to cardiac myocytes. Within the cardiac myocytes, ZO-1 is distinctly at the intercalated disc, and ZO-1 and Vcl colocalize (*). Scale bar: 20 mm. (C) cVclKO heart tissue was evaluated with immunomicroscopy using anti-Vcl and anti-ZO-1 antibodies. ZO-1 and Vcl where detected in endothelial cells and non-myocyte cell populations (**). Upon cardiac-myocyte-specific Vcl gene deletion (cVclKO), Vcl expression was lost from the cell and ZO-1 expression was lost in parallel. Note there are no easily visualized intercalated discs when compared to controls.
is necessary for proper Cx43 placement in the cardiac muscle (Zemljic-Harpf et al., 2007) , we investigated whether ZO-1 and Vcl proteins bind directly to each other. First, we performed reciprocal immunoprecipitation studies using anti-Vcl, anti-ZO-1 and anti-Cx43-specific antibodies with cardiac tissue and cardiomyocyte lysates. Our results showed that Vcl, Cx43 and ZO-1 form a complex in both the whole heart and isolated cardiac myocytes (Fig. 2B,C) .
Next, we performed a yeast two-hybrid (Y2H) interaction screen to test for direct interaction of Vcl and ZO-1. We designed a series of Vcl bait constructs spanning the full-length of Vcl, and also constructed ZO-1 prey sequences spanning the 59 2.5 kb of the full-length ZO-1 transcript (Fig. 3A) . b-galactosidase assays revealed that full-length Vcl and the N-terminal Vcl domain both interacted with the first 2.5kb of ZO-1 (Fig. 3B ). Of note, we did not find any interaction between Vcl fragments and the Cterminal domain of ZO-1 (the region coded for by the 2.5-5.2 kb portion of ZO-1) (data not shown). To identify a minimal interacting domain in ZO-1, we performed additional Y2H analysis using a series of smaller fragments of the ZO-1 coding sequence as bait, against full-length Vcl as prey (Fig. 3C) . bgalactosidase activity assays revealed that only fragments containing the third PDZ domain, or the third PDZ plus SH3 domains of ZO-1, interacted with Vcl (Fig. 3D) . Taken together, these findings indicate that Vcl directly binds to ZO-1 in adult cardiac myocytes, and thereby forms a scaffolding complex with ZO-1 and Cx43.
Vcl ablation reduces protein expression of Vcl-associated proteins as well as that of Cx43
To further elucidate how Vcl might control Cx43 expression in cardiomyocytes we turned to a cell culture system using neonatal mouse ventricular myocytes (NMVMs) isolated from Vcl homozygous 'floxed' (Vcl fl/fl ) mouse hearts, in which the Vcl gene could be deleted. To ensure pure NMVMs were evident in our cultures, cells were immunolabeled with the cardiacmyocyte-specific anti-sarcomeric-a-actinin antibody, and colabeled with an anti-Cx43 antibody. For our experimental design, it was crucial that Cx43 and Vcl were both expressed at the sarcolemma because we wanted to test whether Vcl reduction would affect the membrane localization of Cx43. We expected a prominent membrane-localized Cx43 staining pattern in NMVMs but found that when NMVMs were grown in sparse culture conditions, they only displayed intense perinuclear Cx43 expression and sparse membrane localization (Fig. 4A) . In contrast, when cells were grown at higher densities, they formed contact sites, and Cx43 was seen at cell-to-cell contacts (Fig. 4B) . Confluent NMVMs formed an intact monolayer in which Cx43-containing cell-cell contacts were detected along the cell membrane, more akin to in vivo conditions in cardiac tissue (Fig. 4C ). Based on these findings, we utilized confluent culture conditions for the remainder of this study.
To reduce Vcl expression in this model system, we infected NMVMs derived from Vcl flox/flox mice with a recombinant adenovirus (AdV) expressing Cre-recombinase (AdV-Cre). Cells infected with a recombinant AdV expressing b-galactosidase (AdV-LacZ) served as controls (Iwatate et al., 2003) . To further control for any potential side effects owing to AdV-Cre treatment alone, we also used wild-type (WT) NMVMs (no floxed Vcl allele) and exposed them to AdV-Cre. No change in Vcl protein expression or morphology was detected in these AdV-Creinfected WT NMVMs (supplementary material Fig. S1 ). Immunoblotting and RT-PCR studies were performed on samples from AdV-Cre-or AdV-LacZ-infected Vcl flox/flox NMVMs. In initial studies, we found that Cre-infected Vcl flox/flox cells maintained for 72 h or longer detached from matrix-coated plates, as the Vcl protein levels became profoundly reduced (data not shown). Therefore, to analyze Vcl-deficient and control cells that were morphologically similar and remained well attached to matrix, we used cells at ,60 h post-infection. At this 60-h time point Cre-mediated Vcl gene excision caused Vcl protein and transcript expression to be reduced to 5164% (P,0.01) and 2762% (P,0.0001), of control infected cell values, respectively (Fig. 5A,B) . With Vcl protein reduction, we found significantly reduced expression of Vcl-associated proteins, including: ZO-1 (6162%, P,0.0001), Cx43 (1768%, P,0.0001), b1D integrin (2161%, P,0.0001), talin (4366%, P,0.0001), and tubulin (2163%, P,0.001), values being expressed relative to control values and normalized to GAPDH (Fig. 5A ). The levels of Vcl and ZO-1 colocalize at the intercalated disc of wild-type cardiac myocytes. The apparent lateral expression of ZO-1 was owing to the known staggered 'step-like' arrangement of the intercalated disc. No colocalization was found along the non-intercalated disc sarcolemmal membrane. Lower panel: the enlarged image of the intercalated disc and the lateral cell wall of cardiac myocytes showed colocalization of Vcl and ZO-1 in yellow at the intercalated disc (*) but not at the lateral cell border (**). Scale bars: 20 mm. (B) Vcl and ZO-1 co-immunoprecipitate in whole heart and isolated cardiac myocytes. Protein lysates from wild-type mouse whole heart (Heart) or isolated cardiac myocytes (CMC) were coimmunoprecipitated (IP) with anti-Vcl, anti-ZO-1 or anti-Cx43 antibodies. Then the Vcl-IP and ZO-1 IP samples were subjected to immunoblot analyses with either anti-ZO-1 or anti-Vcl antibodies, respectively. (C) Wildtype whole heart lysates were further used to show that Vcl formed a complex with Cx43 and ZO-1. Cx43 IP and ZO-1 IP samples were subjected to Vcl immunoblotting using an anti-Vcl antibody. IgG was used as a negative control.
transcripts of these Vcl-associated proteins were not significantly changed compared to controls (Fig. 5B ). These data indicate that Vcl controls not only Cx43 protein expression and function in cardiac myocytes, but that, as Vcl is lost from the cell, protein expression of a range of Vcl-related proteins is also perturbed.
Vcl reduction causes a decrease in gap junctional communication
Immunohistochemical analysis was next performed in this cell culture model. As above, cells were analyzed at ,60 h postinfection. Upon the reduction of Vcl protein, membrane localization of Cx43 was lost (Fig. 6A ). To specifically assess gap junction function and intracellular communication between connecting NMVMs, we then performed dye microinjection studies as well as scrape loading assays (Boswell et al., 2009; elFouly et al., 1987; Li et al., 2011; Opsahl and Rivedal, 2000) ( Fig. 6B,C ) . For these studies we used two dyes: Lucifer Yellow, which can be transported easily through gap junctions, and Rhodamine dextran, which is too large to pass directly through gap junctions (Fig. 6B ). When we performed simultaneous microinjection of Rhodamine dextran and Lucifer Yellow into NMVMs, control cells (Vcl fl/fl plus AdV-LacZ) showed extensive Lucifer Yellow dye transfer to adjacent NMVMs, but no transfer and tail, white) and ZO-1 fragments used to assay for protein interaction. Constructs were made based on coding sequences for full-length Vcl (0-3.2 kb), and deletion mutants of Vcl (0-2.5 kb and 1.6-3.2 kb), and used as bait in yeast two-hybrid assays. These are labeled as a, b and c. Constructs based on coding sequences for ZO-1 (0-0.25 kb, 0-1.5 kb and 1.5-2.5 kb) were used as prey and labeled as 1, 2 and 3. (B) b-galactosidase activity assays revealed that the N-terminal region of Vcl interacted directly with ZO-1. Graphical results show that full-length Vcl interacted with ZO-1 (assays a-3 and a-2). The N-terminal Vcl domain also interacted with ZO-1 (assays b-3 and b-2). In contrast the C-terminal Vcl domain did not interact with ZO-1 (assays c-3 and c-2). (C) Schematic representation of additional constructs used to refine the Vcl-ZO-1 interactions in a second set of yeast two-hybrid experiments. Here, a fulllength Vcl (0-3.2 kb) construct was used as prey and designated as construct 'a'. Constructs produced from partial coding sequences for ZO-1 were used as bait and designated as fragments 2-7. (D) Only fragments of ZO-1 containing the third PDZ (2 and 6) or the third PDZ plus SH3 domains (3 and 7) interacted with Vcl. Positive controls were p53-TD1 and negative controls were a-TD1 and p53-1.
of Rhodamine dextran, whereas the Vcl-deficient cells (Vcl fl/fl plus AdV-Cre) showed little Lucifer Yellow dye transfer to neighboring cells (Fig. 6B) .
To further evaluate gap junction communication, we also performed a companion assay in our culture system with scrape loading of the Lucifer Yellow and Rhodamine dextran dyes (Fig. 6C ). Control cells (Vcl fl/fl plus AdV-LacZ) showed Lucifer Yellow transfer to cells distant from the scratch, indicating appropriate gap junction function, whereas Vcl-deficient cells (Vcl fl/fl plus AdV-Cre) displayed Lucifer Yellow dye transfer only to cells adjacent to the scratch, indicating that no significant gap junctional communication took place. Taken together, microinjection and scrape-loading data indicate that proper Vcl expression in cardiac myocytes is necessary for appropriate gap junction function.
Vinculin disruption inhibits PI3K/PTEN signaling in cardiac myocytes
Given that we found that Vcl, ZO-1 and Cx43 interacted, and that loss of Vcl reduced expression of ZO-1, Cx43 and b1D integrin protein, we next evaluated how loss of myocyte Vcl affected key signaling molecules necessary for cardiomyocyte homeostasis.
For this, we chose first to assess PI3K, phosphatase and tensin homolog (PTEN) expression and proteins in downstream survival signaling pathways (e.g. Akt and ERK1/2). Whole-cell lysates derived from AdV-Cre-and AdV-LacZ-infected Vcl fl/fl NMVMs were analyzed (Fig. 7A) . When Vcl was reduced in these cells, reduced levels of PI3K phosphorylated on Y458 PI3K (Y458) (0.7060.03, P,0.05), PTEN (0.6060.11, P,0.05) and total Akt (0.4260.09, P,0.005), all fold-change relative to GAPDH, compared between LacZ and Cre samples, were detected. Interestingly, phosphorylated pAkt S473 and pAkt T308 were independently increased, as total Akt was significantly reduced, in the Vcl-deficient cells. This yielded an increase in normalized Akt T308 /tAkt (4.0060.32, P,0.001) and Akt S473 /tAkt (5.9460.08, P,0.0001) versus control samples. Vcl reduction also induced fold changes in ERK1 (2.1060.07, P,0.001) and ERK2 activation (4.6560.06, P,0.001), when normalized to total ERK1/2 expression (Fig. 7A,B) . The membrane-and actincytoskeleton-associated proteins a-actinin, b-catenin and dystrophin were not affected by Vcl deficiency, but RhoA kinase protein expression was significantly reduced (Fig. 7C,D) . These data indicate that reduction of Vcl in the NMVM leads to ZO-1 (6162%, **P,0.0001), Cx43 (1768%, **P,0.0001), talin (4366%, **P,0.0001), b1D integrin (2161%, **P,0.0001) and tubulin (21%63%, { P,0.001). GAPDH protein expression was unchanged and used as loading control. (Densitometric analyses of the individual proteins were all normalized to GAPDH and these data are displayed in Panel B together with transcript analysis.) (B) qRT-PCR was used to assay samples from Vcl fl/fl cardiomyocytes in which Vcl was reduced as above via AdV-Cre infection. At 56 h post infection, Vcl transcript expression, normalized to GAPDH transcript, was reduced by Cre-mediated gene excision (2762% of control, **P,0.0001). However, Vcl reduction in cardiac myocytes did not significantly alter the transcript levels of the associated cardiac myocytes proteins, ZO-1, talin, b1D integrin, Cx43 or tubulin when compared to AdVLacZ-treated control cells. Densitometric analysis of protein expression from panel A is shown here to allow direct comparison with transcript expression in the same samples. altered signaling through PI3K/PTEN, with associated activation of both Akt and ERK1/2.
Vcl reduction causes rapid cellular injury PI3K activation plays an important role in myocardial metabolism, pro-survival signaling and cardiac contractility, and normal gap junction function is essential for cellular growth, proliferation and survival (Decrock et al., 2009; Kardami et al., 2007) . Given that our above studies show that Vcl loss from myocytes results in disturbed expression of Cx43, gap junction function and survival signaling, we next evaluated how loss of myocyte Vcl affects cell death pathways.
Our previous studies in whole heart revealed excessive replacement fibrosis in cVclKO mouse hearts, consistent with death and loss of cardiac myocytes (Zemljic-Harpf et al., 2007) . Furthermore, as discussed above, upon a reduction of Vcl protein of .50% of normal amounts (greater than 60 h in our culture system) we found that NMVM had cell shrinkage and detached from matrix-coated plates (data not shown). Given this combined information, we next evaluated whether Vcl reduction in the NMVM system triggered activation of either apoptotic or autophagic cell death pathways. With reduced Vcl expression, expression of the apoptotic markers PARP and cleaved caspase 3 were inhibited (Fig. 7E,F) . In parallel with reduction of Vcl protein, we detected reduced Beclin-1 and LC3 protein expression (Fig. 7E,F) .
Lactate dehydrogenase (LDH) is only released from cells when the plasma membrane is damaged. Therefore to assess for a potential cytotoxic effect of Vcl protein reduction, we measured LDH release by the cells into culture medium. Increased LDH release was detected in the Vcl-deficient cells as compared to controls (Fig. 7G) . Cell morphology was visually checked every 12 h, and smaller cell size as well as areas of cellular lysis were visible by 72 h post AdV infection; no similar changes in morphology were evident in AdV-LacZ-treated control cells (Fig. 7H) . Our data indicate that reduced Vcl expression does not induce apoptotic or autophagic signaling events, but induces necrotic cell death by plasma membrane injury, as documented by increased LDH release.
DISCUSSION
We report here for the first time that: (1) Vcl colocalizes with ZO-1 at the intercalated disc of cardiac myocytes, (2) there is a direct interaction between the Vcl head domain and the third PDZ domain of ZO-1, (3) reduced Vcl expression in the cardiomyocyte results in a loss of Cx43 and ZO-1 expression, as well as their localization, and (4) reduced VCL expression perturbs gap junctional intercellular communication, as well as downstream PI3K-dependent signaling. This leads to an increased cardiac myocyte mortality by necrotic processes. Our data suggest that Vcl, Cx43 and ZO-1 form a protein complex at the intercalated disc that ensures normal gap junction function and myocyte survival.
Novel role of Vcl in gap junctional communication
The localization of Vcl at costameres and its involvement in focal adhesion formation and maturation is well known Dumbauld et al., 2013; Pardo et al., 1983) . Vcl can regulate the coupling of adhesion sites to the actin cytoskeleton (Chandrasekar et al., 2005) , and is also known for binding to cadherin-based cell-cell contact sites through a-and b-catenin (Peng et al., 2010; Weiss et al., 1998) . Recently it has been described that ZO-1 recruitment to a-catenin links the assembly of the endothelial barrier to adherens junctions (Maiers et al., 2013) . Desmosomes are localized at the intercalated disc and link intermediate filaments to the muscle termini via desmoplakin, plakophilin and plakoglobin. Both fascia adherens and desmosomes form mechanical linkages, bridging the contractile apparatus of adjacent myocytes, thereby strengthening the connection between adjoining cells. Current literature states that Vcl is present in integrin-containing cell-to-matrix junctions as well as cadherin-based cell-to-cell adhesion sites (Fig. 8A ). Gap junctions are also found at intercalated discs (Fig. 8A ). Cx43-containing gap junctions are known to regulate intercalated disc function (Delmar and Liang, 2012) . Whereas Cx43 directly binds to ZO-1 in cardiac myocytes (Giepmans and Moolenaar, 1998; Toyofuku et al., 1998) , this interaction is not apparent in seminiferous epithelium, suggesting that the Cx43 interaction with ZO-1 occurs in a cell-type-specific manner (Li et al., 2009) . Global deletion of ZO-1 in mice results in abnormal angiogenesis, pericardial effusions (suggesting in utero heart failure) and midgestation lethality by E11.5 (Katsuno et al., 2008) . Therefore, this model could not be used to address the role of ZO-1 in postnatal cardiac myocytes. Future studies that use cardiac-myocyte-specificknockout studies of ZO-1 would be useful to compare with our Vcl cardiomyocyte knockout data. It is important to mention that global Vcl-knockout embryos die by E10, also presenting with a thinwalled myocardium and pericardial effusions.
Our novel data presented here indicate that a Vcl-ZO-1-Cx43 complex forms in cardiac myocytes and that Vcl directly interacts with ZO-1. This study is the first to report that Vcl directly interacts with ZO-1, and in doing so, regulates gap junctional positioning and function (Fig. 8A, red circle) . Given that it is known that ZO-1 directly interacts with a-catenin (Müller et al., 2005) , and our study shows that Vcl binds ZO-1, we propose that Vcl might function as a molecular linker between adherens and gap junctions. The data in our myocyte culture model showed that even a mild reduction of Vcl protein caused decreased ZO-1, Cx43 and b1-integin protein expression, suggesting that Vcl is a crucial actin cytoskeletal linker that plays an important role in membrane localization of b1-integrin and Cx43 (Fig. 8A, red  circle) . Taken together, data here suggests that if a mutant Vcl or reduced amount of wild-type Vcl were present in the cardiac myocyte, Cx43 positioning in the gap junction, and ultimately, gap junction function, would be perturbed (Fig. 8B) .
Novel role of Vcl in PI3K/Akt signaling
Vcl interacts with phospholipids in the plasma membrane, by directly binding PIP 2 . It is known that PI3K regulates the coupling of adhesion sites to the actin cytoskeleton. Because of this, it plays a role in apoptotic cell death by activating prosurvival signaling pathways and reducing PIP 3 signaling. In fibroblasts, Vcl has been shown to regulate integrin adhesion turnover, and reduced Vcl expression resulted in smaller and less abundant focal adhesions (Saunders et al., 2006) . This study suggested that Vcl inhibits cell migration by stabilizing focal adhesions, and that binding of inositol phospholipids to the Vcl tail plays an important role in focal adhesion turnover.
A key molecule downstream of PI3K is the serine/threonine kinase Akt. Apoptosis is associated with physiological or programmed cell death, in contrast to necrosis, which is associated with cell injury. As we investigated the role of Vcl in the ZO-1-Cx43 axis using the NMVM model, we noted that even a modest reduction of Vcl led to rapid cell death. Therefore we investigated how Vcl might alter signaling pathways that have been linked to cell survival of cardiomyocytes, such as the PI3K pathway. We were especially interested in the PI3K pathway because Vcl has been shown previously to control PTEN levels in embryonic fibroblasts (Subauste et al., 2005) . PTEN is known to regulate PI3K/Akt and even ERK1/2, although much of this work has been performed in cancer cells (Chetram and Hinton, 2012) . In addition, PI3K has been shown to protect against heart failure following myocardial infarction in mice ( Lin et al., 2010 ) . It has further been suggested that exercise enhanced PI3K (p110a) activity could delay or prevent progression of dilated and hypertrophic cardiomyopathy (McMullen et al., 2007) . Finally, a recent study has described that PI3K(p110a) gene therapy reduced cardiac dysfunction (Weeks et al., 2012) . Our studies here show that reduction of Vcl levels in cardiac myocytes reduced PI3K activation, and inhibited autophagic and apoptotic signaling, compared to control cells with normal Vcl expression. A component of this cell death might have been induced by inhibition of PI3K activation due to reduced Vcl protein expression. In addition, because Vcl links the sarcolemma to the actin cytoskeleton, Vcl deficiency could have also led to structural instability of the cardiac myocyte membrane. Together, because Vcl modifies both of these crucial properties in the myocyte, its loss leads to cellular dysfunction and necrosis.
Traditionally, PI3K activation leads to phosphorylation of Akt, thereby regulating the activity of several cellular processes including transcription, cell proliferation, glucose metabolism, apoptosis and cell migration (Katso et al., 2001; Song et al., 2005) . Our studies here have shown that reduced Vcl inhibited PI3K activation in cardiac myocytes. Unexpectedly we also found hyperphosphorylation of Akt S473 and Akt T308 together with reduced total Akt levels. It is known that phosphorylated Akt undergoes rapid degradation, but why Akt activation occurred in our model, while PI3K activation was reduced, remains unclear. Usually Akt activation is considered to induce pro-survival and anti-autophagy signals. Our data suggest that Vcl deficiency induced cellular stress responses to trigger Akt activation as a compensatory mechanism for compromised cytoskeletal function. Increased Akt phosphorylation has also been shown in other studies where skeletal muscle cells were serum starved (Ching et al., 2010) . Rho kinase inhibition in mouse brain, maintained Akt but decreased PTEN activity, and inhibited caspase-3 activity . A recent study describes that interference with Akt1 signaling in all cells in vivo, reduced cardiac dysfunction, hypertrophy and cardiac fibrosis, thereby improving survival in a mouse model of spontaneous myocardial infarction ( Kerr et al., 2013) . Most relevant for our study here is that Cx43 was shown to contribute to the activation of the PI3K/Akt signaling pathway in cardiac myocytes (Ishikawa et al., 2012) .
Vcl regulation as a novel target to prevent or induce cell death
Our study found that a reduction of Vcl protein of .50% of normal amounts led to NMVM detachment from matrix-coated plates. In cardiac muscle, the costamere forms the intersection between the extracellular matrix and the cellular cytoskeleton, and is a pivotal point for transmission of mechanical and growth signals, as well as organization of the actin-based cytoskeleton. However, two important membrane junctions maintain the cellular integrity of the myocardium: (1) cell-matrix adhesion sites, and (2) cell-cell junctions that reside in the intercalated disc (fascia adherens, desmosomes and gap junctions). Vcl-null embryonic fibroblasts display increased motility, invasiveness and resistance to apoptosis (Subauste et al., 2005; Subauste et al., 2004) . Our work also describes that loss of Vcl is anti-apoptotic given that protein expression of cleaved PARP and cleaved caspase 3 were reduced after Vcl reduction (Fig. 7E,F) . It has been shown that tethering of microtubule plus-ends at adherens junctions promotes the delivery of Cx hemichannels to the cellto-cell border (Shaw et al., 2007) . Furthermore, it has been shown that actin is a necessary component of the cytoskeletal-based forward trafficking apparatus for Cx43 (Smyth et al., 2012) . The Fig. 8 . Diagrammatic representation of Vcl and its associated proteins. Vcl is located at cell-to-cell intercalated discs as well as cell-tomatrix adhesion sites, thereby linking the actin cytoskeleton to the plasma membrane. Our novel findings suggest that Vcl also binds through ZO-1 to Cx43-containing gap junctions. Thereby, Vcl acts as a mechanical linker between gap junctions and adherens junctions localized at the intercalated disc in the plasma membrane, but at the same time Vcl cross-links the actin cytoskeleton, thereby anchoring actin filaments to the sarcolemma. (A) The red circle highlights the novel interaction between Vcl, ZO-1 and Cx-43 identified in this study. (B) Vcl reduction results in a loss of membranelocalized gap junctions, as well as reduced protein expression of ZO-1 and b1D integrin. At the intercalated disc, reduced Vcl protein affects gap junction localization and function. At cell-to-matrix connection sites, decreased Vcl protein expression weakens integrin-based cell adhesion.
actin cytoskeleton participates in the initial membrane remodeling stage when cells require an enhanced rate of autophagosome formation, and different members of the Rho family tightly regulate this actin function (Aguilera et al., 2012) . Maintenance of cellular adhesions through structural glycoprotein binding to extracellular matrix is necessary for survival of cardiac myocytes. Anoïkis is defined as programmed cell death owing to loss of cell-to-matrix interactions (Michel, 2003) . Weakened adhesion sites induce damage to the sarcolemma and might induce necrotic cell death, which can occur during anoïkis. Beating cardiac myocytes are extremely susceptible to membrane rupture. Our data here also suggest that Vcl reduction inhibits autophagic, as well as apoptotic, signaling compared to cells with physiological Vcl expression.
Study limitations
Ideally, our study would have studied Vcl in a myocyte model system where Vcl protein expression was essentially zero. Unfortunately, we found that even with reduction of Vcl to ,50% of normal physiological levels, profound biochemical and morphological changes resulted. It was important to investigate a population of healthy cells. We believe that our data clearly shows that physiological Vcl expression is necessary for cardiomyocyte integrity. A further limitation was that some of our study relied on use of neonatal cardiac myocytes, which are different from adult cells. We were not able to use Vcl-deficient adult cardiac myocytes (e.g. ones derived from our cVclKO mice) for biochemical analysis, because these cells are extremely fragile and intolerant to standard cell isolation techniques.
A limitation of our manuscript is that we cannot absolutely prove that loss of ZO-1-Vcl binding is the only mechanism responsible for perturbation of gap junction communication, all the changes in signal transduction or cardiac myocyte necrosis. To do so would require more precise localization of the Vcl-ZO-1 binding domain(s) and production of mutant Vcl and ZO-1 constructs that do not perturb any other function of Vcl and ZO-1. Ultimately these mutants could be used to replace the expression of the respective wild-type myocyte protein with the mutant one. Future work is required for this purpose.
Implications
The current study shows that diminished Vcl triggers a reduction in integrin as well as connexin-based cell adhesions, thereby contributing to the reduction of membrane integrity owing to weakened integrin and gap junctional attachment sites. These impaired contact sites might lead to diminished cardiac myocyte and heart function, and predispose the heart towards arrhythmias. A key role of gap junctional communication is rapid and coordinated action potential propagation, and therefore gap junctions are studied as new pharmacological targets to control cardiac arrhythmias (Colussi et al., 2011; O'Quinn et al., 2011) . Recently, a role for Cx43 in intercellular cell adhesions and Na + channel function has been proposed (Agullo-Pascual and Delmar, 2012) . Single-gene mutations of sarcomeric, metabolic, Z-discrelated and desmosomal proteins in humans have been linked to increased risk of developing heart failure (Morita et al., 2005) . Genes currently known to be involved in familial cardiomyopathies also affect structural, cytoskeletal, Ca 2+ cycling and mitochondrial proteins (Hershberger et al., 2009) . One of these genes is Vcl and its splice-variant isoform MetaVcl (MVcl). Mutations in MVcl and Vcl are known to be associated with dilated as well as hypertrophic human cardiomyopathy (Olson et al., 2002; Vasile et al., 2006a; Vasile et al., 2006b; Vasile et al., 2006c) . Furthermore, Vcl was found to be absent in cardiac tissue of a patient with dilated cardiomyopathy (Maeda et al., 1997) . In addition, Trypanosoma cruzi infection can lead to cardiac dysfunction and arrhythmias. This is relevant because a significant reduction of Vcl expression at costameres, as well as irregular alignment of Vcl at intercalated discs has been observed after Trypanosoma cruzi infection (Melo et al., 2004) . Recently, it has been shown that Vcl deficiency increased systolic stiffness, by increasing interfilament spacing, and thereby could induce mechanical stress in sarcomeres (Tangney et al., 2013) . These reports all illustrate the role of Vcl as a cardiomyopathy-linked gene. Previous work using hemizygous VclKO mice has shown that these animals had altered intercalated disc structure and that they were intolerant to hemodynamic stress (Zemljic-Harpf et al., 2004) . Our studies in cVclKO mice have shown that cardiomyocyte-specific Vcl reduction altered Cx43 expression, and induced either lethal arrhythmias or dilated cardiomyopathy (Zemljic-Harpf et al., 2007) .
It should be noted that ZO-1 has been shown to be a key player in gap junction function and stabilization in several prior studies (Giepmans and Moolenaar, 1998; Hunter et al., 2005; Rhett and Gourdie, 2012; Rhett et al., 2011; Toyofuku et al., 1998) . How ZO-1 is incorporated into the borders of the gap junctional plaque is not fully understood. However, it has been shown previously that ZO-1 can be localized to gap junctional border zones using a mechanism independent from its direct binding to the C-terminal residues in Cx43 (Hunter and Gourdie, 2008) . Given that our current data shows that Vcl and ZO-1 directly interact, we suggest that Vcl might function as a linker anchoring ZO-1 to gap junctions, the actin cytoskeleton and even other common binding partners such as F-actin, a-actinin, and a-catenin. With this, we would suggest that the novel Vcl-ZO-1 interaction discussed here could be important in modulating the function of gap, adherens and tight junctions in many tissues.
Our data describe Vcl as an important new target to enhance and ensure proper gap junctional communication in cardiac myocytes. Gap junction expression is reduced in end-stage heart failure, and these hearts are prone to develop lethal arrhythmias. Therefore, as proposed by Basso and colleagues, understanding the molecular mechanisms of crosstalk from gap junctions to the actin cytoskeleton, ion channels and the nucleus is required to move from symptomatic to targeted therapy of heart failure (Basso et al., 2011) . This would potentially enable both prevention of disease onset and also modification of its progression. More studies are needed to investigate whether Vcl could serve as a novel heart failure treatment target.
In summary, we demonstrate here for the first time that ZO-1 directly interacts with Vcl and that ZO-1, Vcl and Cx43 form a scaffolding complex in cardiac myocytes. Vcl excision in myocytes results in a reduction of the integral proteins b1D integrin and Cx43, as well as diminished expression of the membrane-associated proteins ZO-1, talin and tubulin. Vcl reduction in cardiac myocytes impairs gap junctional communication, reduces PI3K signaling, and activates Akt and ERK1/2. Our studies in cardiac myocytes suggest that reduced Vcl expression does not induce apoptotic cell death, and that Vcldeficient cells are more likely to undergo cellular necrosis. These studies describe a novel role of Vcl in ensuring gap-junctionbased intracellular signaling in cardiac myocytes compatible with its crucial role in both cardiac rhythm and function.
MATERIALS AND METHODS
Cardiac myocyte isolation and culture
The experimental procedures were conducted in accordance with the animal care guidelines, approved by the institutional animal care and use committee, and all mice were housed in an AALAC-approved facility. Adult cardiac myocytes were isolated from 2-3-month-old wild-type mice as previously described O'Connell et al., 2007) . These cells were cultured for 4 h and either fixed with acetone for immunomicroscopic analyses or lysed for preparation of protein.
Neonatal mouse cardiac myocytes (NMVMs) were isolated form 0-2-day-old Vcl fl/fl mouse hearts (Zemljic-Harpf et al., 2007) . For culture, hearts were excised, the atria were removed and then the ventricular pieces were digested overnight in 50 ml of 0.5 mg/ml trypsin-HBSS at 4˚C. On the following day, 25 ml of the trypsin solution was replaced by serum-free medium and digested for 3-4 minutes with gentle agitation (100-150 rpm). Subsequently the trypsin/serum free medium solution was removed and digestion was continued in type II collagenase (200-300 Units/ml, Worthington Biochemical Corporation, Lakewood, NJ) for three additional digestions, each for 5-7 min. Adding ice-cold serumcontaining medium to inactivate collagenase-II terminated each collagenase digestion. Supernatants from digests were pooled and cells were collected by centrifugation. Two pre-plating steps, each for 1 h on uncoated tissue-culture dishes, were used to further purify NMVMs from this supernatant, because only non-myocyte cells rapidly adhere to these uncoated dishes. Approximately 5610 6 -6610 6 cells were plated onto each 60-mm culture dish, which were coated with 0.2% gelatin/ fibronectin (1 mg/ml; F0635, Sigma, St. Louis, MO) to generate confluent beating cultures. Cells were maintained in serum-containing medium (75% DMEM, 25% M-199, 10% fetal bovine serum and 5% horse serum). Only confluent cultures of NMVM were used.
Adenoviral infection of NMVM cultures
Five days after plating the Vcl fl/fl NMVMs, they were infected with recombinant adenovirus (AdV) expressing either Cre-recombinase or LacZ, at MOI55 (Iwatate et al., 2003) . Cells were cultured with the viral containing medium for 24 h, and then media replaced with serumcontaining medium. Cultures were continued for periods as outlined in results, with new media replaced daily.
Immunofluorescence, immunoprecipitation and immunoblotting analyses
For immunofluorescence studies, cultured adult and NMVMs, as well as frozen cardiac tissue sections (5-7-mm thick) were fixed with ice-cold acetone for 7 min and washed with PBS. After blocking for 30 min at room temperature, cells or tissues were stained (overnight at 4˚C) with commercially available antibodies [anti-Vcl (V9131, Sigma, St. Louis, MO), anti-Cx43 (C6219, Sigma), anti-ZO-1 (40-2300, Zymed/Invitrogen, Carlsbad, CA), anti-CD31 (PECAM-1) clone MEC 13.3 (553370, BD Biosciences, San Jose, CA), anti-a-actinin, EA53 (A7811, Sigma) and DAPI (Molecular Probes, Invitrogen, Carlsbad, CA)], as previously described (Zemljic-Harpf et al., 2004) .
For immunoblotting, whole mouse heart tissue or cultured myocytes were lysed in buffer containing 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% deoxycholic acid, 0.2% SDS, 1% NP-40, and equal protein amounts (5 mg for structural protein analysis, 50 mg for signaling proteins) were used for immunoblotting as previously described (Zemljic-Harpf et al., 2004) . Membranes were blocked in 3% BSA for 30 min at room temperature and then incubated overnight at 4˚C with commercially available primary antibodies, as listed below, and visualized using chemiluminescent substrate for the detection of horseradish peroxidase (PierceH, ECL Western Blotting Substrate). Densitometric quantitation was performed digitally (n5at least 3 per treatment, three replicates for each experiment). Statistical analysis was performed using un-paired Student's t-test (P,0.05 was considered significant). Data are displayed as mean6s.e.m.
For immunoprecipitations, total protein lysate (0.5 mg) was precleared with protein-G-agarose (Roche Diagnostics, Indianapolis, IN) and then incubated with either anti-Vcl, anti-ZO-1, or anti-Cx43 antibodies (as listed below) for 2 h, followed by overnight incubation with protein-G-agarose at 4˚C. Washes and immunoblotting was carried out as previously described (Pham et al., 2000) .
Antibodies
The following primary antibodies were used (catalog numbers are given in parenthesis): Abcam, anti-b catenin (ab6302); Cell Signaling, anti-PI3K p85 (4292), anti-PTEN (9552), anti-total Akt (9272), anti-phosphoAkt (Ser473) (9271), anti-phosphoAkt (Thr308) (4056), anti-total p44/42 MAPK (ERK1/ 2) (9102), anti-phospho-p44/42 MAPK (Tyr202/Tyr204) (ERK1/2) (9106), anti-beclin (3738), anti-LC3B (2775), anti-cleaved PARP (9544), and anti-caspase 3 (9662); Santa Cruz Biotechnology, anti-GAPDH (sc-25778), anti-RhoA (26C4) (sc-418); Sigma, anti-Vcl (V9131), antiCx43 (C6219), anti-a-actinin (A7811), anti-tubulin (T5168), and antitalin (T3287); and Zymed, anti-ZO-1 (40-2300). The polyclonal rabbit anti-b1D integrin antibody was used as previously described (Pham et al., 2000) .
Yeast two-hybrid screening
Yeast two-hybrid and b-galactosidase assays were performed using the Matchmaker GAL4 Two-hybrid Mating System (Clontech, Palo Alto, CA). To assay for the interaction between Vcl and ZO-1, coding sequences for full-length (0-3.2 kb) and deletion mutants (0-2.5 kb and 1.6-3.2 kb) of Vcl were generated by PCR and subcloned into the pGBKT7 bait vector. Coding sequences for deletion mutants of ZO-1 (0-2.5 kb, 0-1.5 kb and 1.5-2.5 kb) were generated by PCR and subcloned into the target vector pGADT7. PCR primers used for construction of all fragments are displayed in supplementary material Table S1 . Sequences were confirmed using standard technology. Baits were transformed into the yeast strain AH109 and mated overnight with Y187 yeasts pretransformed with ZO-1 targets. Mating cultures were assayed for growth on selection plates lacking the amino acids leucine and tryptophan (SD 2LW). Two independent positive mating colonies per each proteinprotein interaction were assessed for b-galactosidase activity using the ortho-nitrophenyl-b-d-galactopyranoside (ONPG)-driven liquid culture method as described by the manufacturer. A well-known interaction between murine p53 and SV40 T-antigen TD1, and unlikely interactions between TD1 or p53 against ZO-1 and Vcl were used as positive and negative controls, respectively (Ali and DeCaprio, 2001) .
In a second set of experiments, the Matchmaker GAL4 Two-hybrid Mating System (Clontech, Palo Alto, CA) was used to confirm the interaction between Vcl and ZO-1, and to screen for a minimal interacting domain in ZO-1 using the same system (Fig. 3B,C) . Primers and templates for PCR are described in supplementary material Table S1 .
Cytotoxicity assay
Lactate dehydrogenase release was measured in neonatal cardiac myocyte cell culture supernatants using a colorimetric assay kit according to the manufacturer's instructions (catalog number 04744926001, Roche Applied Science, Indianapolis, IN).
Dye transfer and scrape loading for the assessment of gap junction communication
For dye transfer studies, NMVMs were plated on acid-etched glass coverslips that were pre-coated with a mixture of 0.2% gelatin and fibronectin (1 mg/ml, Sigma, F0635). They were then infected with various recombinant adenoviruses as discussed above. Using a patch pipette electrode in the whole-cell mode, individual cardiac myocytes were injected with PBS (17-516, Lonza Walkersville, MD) containing a combination of 1 mM each Lucifer Yellow and Rhodamine dextran (L453 and D1817 respectively, Sigma-Aldrich/Invitrogen, St. Louis, MO). Images were taken 25 min after dye injection and analyzed as previously described (Makino et al., 2008; Valiunas et al., 2002) .
For scrape loading studies, NMVMs were prepared and infected identically to in the dye transfer studies. The culture medium was removed and saved. Cells were washed three times with 37˚C PBS without Mg 2+ and Ca 2+ (17-516, Lonza,). Then, a razor blade was used to generate a longitudinal scratch though the confluent monolayer. Cells were immediately loaded with PBS containing 1 mM Lucifer Yellow and 1 mM Rhodamine dextran dyes for 2 min by flooding the scratch. They were then rinsed three times with PBS, and incubated for an additional 20 min in the culture medium saved prior to dye loading. Dye transfer was then assessed by image acquisition 25 min after dye loading, and analyzed as previously described (Boswell et al., 2009; el-Fouly et al., 1987; Li et al., 2011; Opsahl and Rivedal, 2000) .
